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CHAPTER 1: INTRODUCTION 
This study investigates substrate and inhibitor recognition of the ubiquitous enzyme 
phospholipase D (PLD) by automated docking. PLD hydrolyzes phospholipids into phos-
phatidic acid (PA) and the corresponding hydroxy compound (1). PLD also catalyzes trans-
phosphatidylation reactions in which a phospholipid and an alcohol group are combined to 
form a different phospholipid. PLDs are involved in vesicle formation, protein transport, and 
signal transduction. PA is also a secondary messenger, which under some circumstances can 
cause changes in lipid bilayer properties. PA is further broken down into two other secondary 
messengers, diacylglycerol and lysophosphatidic acid. 
The PLD superfamily is characterized by the highly conserved active-site motif 
H~:I~(X)4D, where X is any amino acid (2). Each PLD contains two of these HKD motifs, 
which are believed to play a critical role in PLD activity. The PLD catalytic reaction occurs 
in two steps (3). First, there is a nucleophilic attack by a histidine residue in the HKD motif 
to the phosphorus atom in the phospholipid (Figure 1). This creates a covalently linked 
phosphatidyl-enzyme intermediate. There are two possible second steps. One possibility is 
hydrolysis of the intermediate by a water molecule. This gives PA and a hydroxy compound. 
The other possibility is hydrolysis of the intermediate by an alcohol. This transphosphatidyl-
ation reaction yields a different phospholipid than the original. 
The first crystal structure of a PLD, from the bacterium St~eptom,~ces sp. PMF strain 
(Figure 2), has been recently solved to 1.4-~ resolution (4). It reveals an a-~3-cx-~3-cx sand-
wich comprised of two tightly packed domains of similar topology. The putative catalytic site 
is near one of the two phosphate moieties bound to the protein. The other phosphate moiety 
is located far from the catalytic site, on the opposite face of the protein. As can be seen in 
Figure 3, the two histidine residues believed to act as the catalytic acid and base flank the 
bound phosphate in such a geometry as to allow hydrolysis of the phosphorus-oxygen bond. 
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Figure 1: Proposed catalytic mechanism (3). 
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Figure 2: Crystal structure of Streptomyces sp. PMF PLD (4). 
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Figure 3 : Active-site residues of Streptomyces sp. PMF PLD. The close proximity of H 165, 
H43 8, K 167, and K44o make identification of the residues involved in covalently attaching 
the substrate intermediate difficult. Numbering of residues is for the full-length protein. 
Furthermore, the presence of several positively charged residues (shown in blue on the sur-
face map in Figure 4), including the protonated histidine, create a favorable binding environ-
ment for the generally negative phosphate moiety. 
The general structure of a phospholipid is illustrated in Figure 5. The four major compon-
ents of a phospholipid are the head group (X), the phosphate/glycerol moeity, and the two 
fatty acid chains (R~ and RZ). The six ligands included in this study differ with respect to the 
head group. These ligands are PA, phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylglycerol (PG), phosphatidyl-myo-inositol (PI), and phosphatidylserine 
(PS) (Figure 6). Other lipid categories believed to be hydrolyzed by PLD are cardiolipids and 
lysophospholipids (5, 6); however, these are not included in this study. Lysophospholipids 
are derivatives of phospholipids where the RZ group is cleaved at the ester bond by phospho-
lipase A2. In general, the R~ group is saturated while RZ is unsaturated and can contain at 
Hydrophobic 
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Hydrophobic 
Cliff 
Figure 4: Electrostatic surface map of PLD. White indicates neutral regions, red negatively 
charged regions, and blue positive regions. The bound phosphate near the putative binding 
site is drawn as bonds. 
least one and up to four double bonds. The length of naturally occurring fatty acid chains is 
between 16 and 24 carbon atoms. For simplicity, here both chains were considered to be fully 
saturated, as the exact position of the double bonds along the fatty acid chain varies (7). 
The PLD structure in Figure 2 in conjunction with automated computational docking was 
used to model PLD interactions with PA and other phospholipids. By using automated dock-
ing, we intended to model head group recognition, phosphate-histidine binding, and hydro-
phobic surface interactions of the fatty acid chains with the PLD. Automated docking allows 
the structure of ligands bound to proteins to be predicted computationally. The PLD structure 
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Figure 5: Structure of a phospholipid. X represents the head group and R1 and R2 represent 
the fatty acid chains. Bonds cleaved by different phospholipases are shown. 
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Figure 6: Phospholipid head group substituents (shown as X in Figure 5). 
Phosphatidyl-
inositol (PI) 
shown in Figure 2 was solved without a bound ligand. Furthermore, this particular PLD 
shows little homology with other PLDs, suggesting that its substrate specificity maybe 
different from other PLDs. 
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CHAPTER 2: LITERATURE REVIEW 
PLD hydrolyzes most phospholipids, including PC, PE, PG, and PS (8). Transphosphat-
idylation of their products is possible, and the specificities of the different reactions are de-
pendent on the enzyme source as well as the reaction conditions (9). PLD is used industrially 
to convert PC to PE and PG (10, 11). Indeed, certain phospholipids, such as PE and PG, have 
a higher economic value than PC, and it is therefore economically interesting to produce 
these phospholipids from the more abundant PC (12). The industrial conversion of phospho-
lipids is generally accomplished in solution (9). In order to improve yield, the transphospha-
tidylation reaction is carried out in an anhydrous organic phase, so as to disfavor the hydrol-
ysis reaction, thereby increasing the yield (10, 13-18). However, recently it has been shown 
that immobilization of PLDs on certain solid supports (e. g. aminopropyl-glass activated by 
glutadialdehyde) is effective in favoring the transphosphatidylation reaction over the hydrol-
ysis reaction even in pure buffer systems (11). Understanding the fundamental interactions 
between the PLD enzyme and its different phospholipid ligands can provide insight into the 
governing mechanisms of specificity. The recently solved crystal structure of the Streptomy- 
ces sp. PMF PLD provides a wealth of information to better understand the enzymatic mech-
anism as well as the structural origins of specificity. 
Although the focus of this study is a bacterial PLD, mammalian PLDs play a complex 
role in signal transduction pathways involving membrane-linked and cytosolic soluble sigm.al-
ing pathways (19). The results obtained in this study in terms of the structural requirements 
of specificity may therefore be applicable to mammalian PLDs as well. A characteristic feat-
ure of PLDs is their high affinity for anionic phospholipids and the requirement of Cap+ ions 
for catalytic activity (20). Activation of mammalian PLDs is complex, involves membrane 
association, and requires the signaling proteins: ARF (21), protein kinase C (22), and Rho 
(22). Upon activation, the hydrolysis product, PA, acts as a secondary messenger in the cell 
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(23-26). Therefore, an understanding of the molecular determinants of substrate specificity is 
not only industrially applicable, but is also critical to the fundamental role of PLDs in signal 
transduction. 
Both hydrolysis and transphosphatidylation reactions occur through the formation of a 
substrate-enzyme covalent adduct (3). This enzymatic mechanism has been dubbed the ping-
pong mechanism, as this is a two-step process with formation of the covalent adduct with 
head group cleavage followed by nucleophilic attack by either a water molecule or the 
transphosphatidylation head group. This mechanism explains how PLD can both hydrolyze 
and transphosphatidylate phospholipids, since the covalent intermediate is the same for both 
reactions. Experiments using isotopically labeled H2' g0 showed that it is the P-O bond and 
not the C-O bond that is cleaved in the initial step of PLD action (27). In Figure 7, a hydrol-
ysis reaction using isotopically labeled water is shown. The labeled oxygen attaches only to 
the phosphorus atom, indicating that it is the P-O bond that is attacked. 
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The amino acid involved in the covalent attachment of the phospholipid to the protein has 
not yet been unequivocally identified. Recent work by Ponting and Kerr (28) has proposed 
that either the histidine or lysine residues of the HKD motif could potentially serve as coval-
entbond acceptors for the formation of the covalent intermediate. Analysis of the crystal 
structure and spatial orientation of these residues does not reveal any clues as to the identity 
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of the critical residue, since they are all equidistant from the bound phosphate moiety. The 
use of automated docking to model substrates within the active site of the PLD may allow us 
to identify which of the four residues shown in Figure 3 (H 165, H43 8, Kl 67, K440) can pot-
entially act as the phosphatidate acceptor. Ideally, one would expect computational methods 
to predict the conformation of the phosphatidic acid that allows formation of the covalent 
intermediate to one or more of these four residues. 
Evolutionary relationships in the PLD superfamily 
PLDs belong to the esterase family, the distinctive feature of this family being the ability 
to catalyze transesterification and esterification reactions (29--31). The domain architecture 
of PLDs is relatively well conserved across species lines, with that of PLDs from five repre-
sentative species (mouse, nematode worm, baker's yeast, castor bean, and bacteria) shown in 
Figure 8. Common to all PLDs are the four domains (I—IV) that comprise the catalytic core 
of the enzyme. Domains II and IV contain the HKD motifs that comprise the putative catal-
ytic site shown in Figure 3. Mammalian PLDs contain both PX and PH (pho.~ and Pleckstrin 
homology domains). These domains are involved in membrane association, and most likely 
act as regulatory domains for catalytic activity (32). The PX and PH domains are ubiquitous 
noncatalytic adaptor modules that bind to membranes and can act as regulatory domains. 
Similarly, the C2 domain found in the amino terminus of plant PLDs plays the same role, in 
that it can recruit the protein to the membrane because of its high affinity for acidic phospho-
lipids (33). The PLD under study in this thesis is of bacterial origin, and the gene contains 
only the four domains (I--IV) and no regulatory domains. 
Automated docking methodology as a means to study protein-ligand complexes 
Although automated docking is powerful technique for predicting the conformation of 
the ligand bound to the protein, given that it is anon-quantum-mechanical (QM) treatment of 
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Figure 8: Domain structure of representative PLDs (8). PLD2 (Mm) is from mouse (Mus 
musculus), CePLD is from nematode worm (Caenorhabditis elegans), SP014 is from baker's 
yeast (Saccharomyces cerevisiae), PLD-a (Rc) is from castor bean (Rincinus communis), and 
SaPLD is from the filamentous bacterium Streptomyces antibioticus. 
molecular interactions, bonds cannot be made or broken during a simulation (34, 35). When 
working with enzymatic reactions, a combined QM/MM (quantum mechanical-molecular 
mechanical) treatment of the system can yield a great deal of insight into their mechanisms 
(36-39). However, this study is not examining the effects of bond formation and cleavage, so 
the added complexity of a QM/MM calculation is not necessary. It is believed that the bind-
ing of PA or PI to a secondary binding site outside of the active site induces a conformational 
change in the active site of the protein to induce enzymatic activity (20). The structural nat-
ure of this conformational change is not clear, as no bacterial PLDs have been crystallized in 
the presence of substrate or inhibitor. This conformational change could be modeled using 
molecular dynamics. 
The docking of phospholipids to the PLD crystal structure should yield information on 
the active site specificity and elucidate secondary contacts that the phospholipids may make 
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with the protein outside of the active site. The rapid intermolecular energy evaluation used by 
AutoDock allows significant conformational exploration of the degrees of freedom of the 
phospholipid. These more exhaustive conformational searches would be difficult for multiple 
ligands using a more complex theory such as molecular dynamics. The docking problem is a 
global optimization problem, and the probability of finding the global minimum using a 
stochastic search algorithm such as the Lamarckian genetic algorithm (LGA) implemented in 
AutoDock 3.06 increases if more energy evaluations are performed. Given the large number 
of internal degrees of freedom within a phospholipid, the need for extensive conformational 
search is amplified. For this reason I chose to use AutoDock to model the PLD system, as it 
provides the ability to obtain atomic-level detail while maintaining a sufficiently coarse 
model so as to converge on a solution within a reasonable amount of computational time. 
Given that the protein is not allowed to move during the docking simulations, the bound 
structure of the complex obtained during the automated docking runs may differ from the 
structure one would obtain experimentally if the complex were crystallized. The docked 
structures therefore represent an initial binding mode of the phospholipids to the protein. 
More important, the inability of a ligand to fit into the binding site does not necessarily mean 
it will not be a potential substrate or inhibitor of the enzyme. However, if a low-energy 
conformation is found, this strongly suggests that the ligand will be an inhibitor or substrate. 
Limited quantitative kinetic information is available for the specific strain of PLD crys-
tallized by Leiros et al. (4). A series of studies have been carried out to determine the relative 
specificity of this enzyme for PC, PE, and PG (10, 11). Several general rules dictate the spec-
ificity of the PLD studied in this manuscript, and they will be described qualitatively below. 
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Kinetic measurements of hydrolysis and transphosphatidylation 
The hydrolysis and transphosphatidylation reactions catalyzed by PLD are believed to 
occur through an enzyme-phosphatidyl intermediate. Relatively limited kinetic information is 
available for the Streptomyces sp. PMF PLD for which a crystal structure exists. However, 
the kinetics of the PC to PE transphosphatidylation reaction has been studied using six Strep-
tomyces and one cabbage species (10). Figure 9 shows the reaction mechanism, where E is 
the enzyme, A the phospholipid, and B and N are choline and ethanolamine, respectively: 
B N 
E+A B .-- E (A B) k2 E A k3 E+A N k_~ 
H2O k3
E + A 
Figure 9: Possible mechanism for transphosphatidylation and hydrolysis. 
The rates of transphosphatidylation, rtrans, and hydrolysis, rhydro~ can be defined based on 
Figure 9 by Equations 1 and 2: 
Yrans = k3[E * A] [N] 
hydro 3 
(t) 
The ratio of the two rate constants indicates the specificity of the enzyme for hydrolysis 
or transphosphatidylation. This can be calculated using the measured values of r~trans, hydro' 
and the concentration of the transphosphatidylation substrate [N] 
~3 Yrans~H  2~] = 
k 3 rhydro ~N ] 
(3) 
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The transphosphatidylation substrate can also act in some cases as a noncompetitive or 
competitive inhibitor (40). Therefore, the observed rate constant ratio is apparent but ultim-
ately is still representative of the specificity of the enzyme: 
~k' ~ 3 
~ 
k3 
~ aPP 
trans [H2~] 
Yhydro [N ] 
If [NJ = 0, only hydrolysis can occur. In this case the hydrolysis rate equation is of 
standard Michaelis-Menten form (Equation 5): 
where 
__ k cat [E ~ total [A B] 
~`~ K + A — B m [ ] 
k~at =kz~~H2O~~~~ +k3~Hz~~) 
(a) 
(s) 
A particularly useful ratio is k~at/Km, as this is the apparent second-order rate constant 
provided that the concentration of the phospholipid substrate is well below Km. Initially, the 
determination of this ratio is useful when comparing rates of hydrolysis for different sub-
strates. The ratio of the apparent second-order rate coefficients (k~at lKm ) ~ l(kcat l Km) 2 is an 
indicator of the specificity of the enzyme for a particular substrate. This value was deter-
mined under various conditions for the Streptomyces sp. PMF PLD and showed a definite 
preference for PC (2) over PE (1) (the ratios range from 0.12 to 0.24) (10). 
There are two potential reasons for the higher specificity of PLD for PC. The first is a 
larger k~at for PC over PE, with similar Km values for the two substrates. The second reason is 
similar k~at values for both substrates, with different Km values for PC and PE. The higher 
specificity for PC would therefore be the result of a higher affinity for PC (i. e. lower Km). 
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Specific measurements of k~at and Km values were not made, but automated docking may 
shed light on the relative affinities of PC and PE for the protein active site. 
The specificity of the PLD for PC is also observed in the transphosphatidylation reaction. 
The conversion of PC to PE can be carried out at various ethanolamine concentrations. How-
ever, under certain specific conditions, the selectivity for the transphosphatidylation reaction 
over that of hydrolysis can be optimized. The search for such optimal conditions is essential-
lybased on trial and error, and modeling using automated docking is not adapted for such 
predictions. Nonetheless, it should be mentioned that in industrial applications where produc-
tion of PE from PC is desired, very high concentrations of ethanolamine are used in an acet-
ate or Tris-HC1 buffer (10). Under these conditions, it is possible to obtain almost complete 
transphosphatidylation product and no hydrolysis reaction. Ethanolamine can inhibit PLD at 
high concentrations, and thus an optimal concentration must be found. 
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CHAPTER 3: COMPUTATIONAL TECHNIQUES 
Ligand construction 
The first step in preparing structures for docking of the six different head groups was to 
determine if crystal structures of the ligands existed. A search was performed on the ligands-
listing website (http://www.biochem.ucl.ac.uk/bsm/pdbsum/ligands/index.html) for each of 
the six ligands. Table 1 summarizes which ligand came from which PDB file. The PDB files 
containing the atoms as well as their Cartesian coordinates were opened with PC Model 
(Serena Software, Bloomington, Ind.). PC Model allowed manipulation of the downloaded 
files to create input files suitable for AutoDock. Notably, hydrogen atoms needed to be added 
to the structure using the HARD command in PC Model, and furthermore geometric optimiz-
ation using molecular mechanics force fields (in this case MM3) could be carried out prior to 
the quantum chemical calculations. It should be noted that PA is not included in Table 1. PA 
was created by removing the head group from a PC molecule using PC Model. 
Table 1: Source of PDB ~ les for ligands. 
Ligand PDB file 
PC 
PE 
PC7 
PI 
PS 
1 B09, 1 DLQ, 1 EWF 
1 A25 
1 FDJ 
1DJX 
lA8A 
Initial docking experiments were carried out using small ligands that consisted only of 
the head group, the phosphate group, and a methyl group where the glycerol and two fatty 
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acid chains would normally be located. Once this was accomplished, the structure was 
optimized by using MM3 (41) in PC Model. This newly optimized ligand was exported to 
MOPAC, which was used to calculate the partial charges on each atom of the ligand using 
PM3 (42). Once the partial charges were calculated, the solvation parameters used by 
AutoDock were added using ADDSOL. The final step before docking could be initiated was 
to assign torsions using AUTOTORS. This defined which bonds were allowed to rotate. Both 
ADDSOL and AUTOTORS are programs in the AutoDock suite. Figure 10 shows the rotat-
able bond assignment for diacetyl PC (PC-2): 
Figure 10: Torsional degrees of freedom for PC-2. 
Due to the lack of fatty acid chains on the small phospholipids initially docked, the accur-
acy ofthe resulting structures was questionable (Chapter 4). To further validate the structural 
model, it was decided to attempt to dock the full phospholipids. The construction of these 
was nearly identical to the construction of the small ligands with two major exceptions. The 
first difference was the addition of the fatty acid chains. Nine molecules were constructed for 
each different head group by varying the chain length (n) of the fatty acid residue from C2 to 
C 1 g. Both fatty acid chains were made identically, and only even numbers of carbons were 
used. The second major difference was in the calculation of the partial charges of the ligands. 
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The version of MOPAC used was unable to handle molecules with more than 30 total atoms. 
To avoid this problem, GAMESS (43) was used for the partial charge calculation and the 
Mulliken charge distribution was used. This distribution allows the assignment of partial 
charges to the atoms based on the electron density computed during the Restricted Hartree-
Fock (RHF) calculation (44-47). This has some distinct advantages over using MOPAC. 
With GAMESS it is possible to carry out a RHF calculation using the 6-31G* basis set (48), 
while with MOPAC only semi-empirical methods are available. Although there are limitat-
ions in accuracy for both of these methods, the charges calculated with the RHF/6-31 G* 
method in GAMESS are consistent with the methodology used to derive partial charges in 
AMBER (49). This is noteworthy since AMBER partial charges are used with the enzyme. 
Constructing the enzyme 
Automated docking simulations were conducted using the AutoDock 3.06 suite of pro-
grams, using Streptomyces sp. PMF PLD (PDB code 1 FOI) as the protein model. All water 
and heteroatoms (e.g. bound phosphate groups) were removed except for the calcium atom 
found within the active site. Hydrogen atoms were added to the crystal structure using the 
What If server (http://www.cmbi.kun.nl/gv/servers/WIWWWU) (50). Atomic partial charges 
were added to the protein using the AMBER 95 all-atom partial charge scheme (49), and the 
calcium atom was assigned a formal charge of +2. Intermolecular interaction energy grids 
were calculated using atomic probes corresponding to each atom type found in the ligand 
using the AUTOGRID module of AutoDock (35). Grid spacing was set to 0.375 ~ with 70 
grid points centered on the calcium ion. The electrostatic interaction energy grid used a 
sigmoidal distance-dependent dielectric function to account for the solvent screening effect. 
Self-consistent 12-6 Lennard-Jones coefficients were used along with a distance criterion 
with sinusoidal directional attenuation to account for hydrogen bonding. 
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Docking calculations 
Automated docking simulations were carried out in the following manner. Each ligand 
was placed near the active site by superimposing the phosphate group onto the inorganic 
phosphate coordinates from the crystal structure. The result of this superimposition was used 
as the initial starting point for the Lamarckian genetic algorithm minimization of the com-
plex. Generally this starting structure had very high intermolecular interaction energy, as 
many steric clashes were present with the protein. It was therefore often necessary to redock 
the structure using either the optimal or suboptimal complex structure as the starting point for 
the docking simulation. A phospholipid was considered docked if the phosphate head was 
within 1 ~ R:MSD of the inorganic phosphate group coordinates and represented the lowest 
energy conformer in the ensemble of docked structures. In general 1000 LGA runs were 
conducted with a maximum of 300 generations, or 1.5 x 106 energy evaluations. As the 
ligand size increased, multiple redocking simulations were required. 
Criteria were established to determine if a ligand could dock within the active site. 
Docking started with the ligand having its center of mass at the location of the inorganic 
phosphate inside the active site. After initial docking simulations to decrease the energy from 
that of the superimposed structure, a preliminary structure whose phosphorus atom had a 
R:MSD value < 1.5 ~. from the crystal structure phosphate group was redocked. The cycle of 
selecting preliminary structures near the active site and using these as starting conformations 
for redocking simulations was repeated until the phosphorus atom of the top energy structure 
was within 1.5 ~ of the inorganic phosphate. If after redocking, the top-energy structure was 
within the active site, the ligand was considered to be docked. However, if after 10 LGA 
simulations the top energy structure did not meet these criteria, it was concluded that the 
ligand would not dock to the active site. Optimal results were obtained only with the LGA. 
Simulated annealing and local minimization search algorithms were never successful. 
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Calculation of electrostatic surface potentials 
Electrostatic surface maps were computed using MolMol (51). Partial charges were 
assigned to the atoms on the protein using the same partial charges as those used in the 
docking calculations. The electrostatic potential can then be calculated using a simplified 
charge scheme, in which each residue is modeled as a single dipole. Furthermore, a dielectric 
constant of 80 was used to simulate the conditions in solution. When protons were added to 
the protein using the What If server, an attempt was made to predict the protonation state of 
histidine residues based on the local environment surrounding the residue. The protonation 
state of the histidine residues as calculated by What If was kept the same for the electrostatic 
potential calculation. The potential was then mapped onto the van der Waals surface of the 
protein, and colored blue for positive, red for negative, and white for neutral. 
Analysis of the docking results 
Docked ligands were subjected to LSD (Root Mean Square Deviation) clustering, with 
a 1.5-~ LSD cutoff. High-occupancy clusters of large phospholipids were not found. The 
top docking energy for each ligand was noted, and the corresponding structures was extracted 
from the AutoDock output. These structures were visually inspected using Mo1Mol (51) and 
superimposed onto surface maps of the protein. In general, as the ligand becomes larger, one 
would expect a more negative binding energy. The LSD of the phosphate group atomic 
coordinates of the ligands was computed with respect to the crystallographically determined 
coordinates. Docking calculations were considered complete when the P:MSI~ of the ligand 
phosphate group was within 1.0 ~ of the crystallographicallybnund phosphate group. 
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CHAPTER 4: RESULTS 
Docking small molecule phospholipid mimetics 
I originally decided to try docking small ligand mimetics in order to save computational 
time. These small ligand mimetics consisted of a head group, the phosphate group, and a 
methyl group where the glycerol moiety and two fatty acid chains would be located (Figure 
11). These phospholipid-like small molecules, corresponding to the different possible head 
groups included in this study (PA, PC, PG, PI, PE, PS), were docked to the protein with the 
hope that they would give insight into the molecular requirements for specificity. It was 
hypothesized that phospholipid binding would be dominated by hydrogen bonding to the 
histidine side-chains in the active site and to the oxygen on the phosphate group. 
Furthermore, we thought that protein-phospholipid interactions outside the active site might 
be of secondary importance in conferring specificity for a particular head group. 
O CH3 
~~ ~ 
CH3 O — i — O — CHZ CH2 — N+— CH3
O- CH3
Figure 11: Illustration of PC small molecule mimetic with methyl group instead of glycerol 
and fatty acid residues. 
Table 2 summarizes the results of these docking runs. Docking energies far these small 
molecules were generally favorable, ranging from —35.44 kcal/mol to --$5.64 kcal/mol. In 
general, docking energies for other molecules of this size fall within this range (52). How-
ever, the lowest-energy structures for some of these small ligands were far removed from the 
active site. This is borne out by the relatively high RMSD values calculated for the phosphate 
group compared to the crystal structure coordinates (Table 2) for certain phospholipid mim-
etics. Although PC-, PI-, and PS-like small molecules did not dock near the active site 
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(R:MSD values > 1 ~), PA, PE, and PG analogs did. Figure 12 shows the PA-, PE-, and PG-
like small molecules docked to the active site. 
Table 2: Docking energies and R:MSD of small ligands. 
Phospholipid Docked energy (kcal/mol) RMSD (A) 
analog 
PA —53.36 0.12 
PC —3 5.44 1.45 
PE —79.75 0.84 
PG —76.28 0.48 
PI —85.64 6.04 
PS —77.90 4.99 
Although PA, PE, and PG analogs appear to be bound by the active site, their fit maybe 
fortuitous. Indeed, for both PA and PE analogs the methyl group that is supposed to simulate 
the presence of the fatty acid chain is located near the hydrophobic cliff (see Figure 4 for the 
location of the different structural features of the active site), while for the PG analog it is the 
glycerol moiety of the head group that is located there. Thus, for the PG analog the methyl 
group is located on the opposite side of the active site (Figure 12c). As a result, it is difficult 
to conclude anything from these results and further study is needed. 
These results clearly show the importance of the fatty acid chain in terms of orientation 
of the head group for successful docking. Furthermore, these results show that the hypothesis 
that particular head group specificity is conferred only through interactions between the head 
group and the protein is not correct. Indeed, one would expect PC- and PE-like small molec-
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(a) (b) (~) 
Figure 12: Docked structures of small molecule mimetics of (a) PA, (b) PE, and (c) PG. 
ules to also bind to the active site in order to agree with the experimentally determined spec-
ificity of the PMF PLD. Rather, it appears that the fatty acid chains also participate in bind-
ing and may help orient the head group to favor its hydrolysis. 
Docking the full phospholipids 
Given the poor docking and inconsistent positions of the different functional groups using 
small molecule mimetics, we decided to dock the full-length phospholipids. Phospholipid 
molecules with different head groups and increasing n from 2 to 18 were generated and 
docked as described in the Computational Techniques chapter. The complexity of the dock-
ing problem increased substantially with longer values of n, and significantly longer simul-
ation times were required to converge on a docked solution. Furthermore, clustering of the 
structures using a 1 ~ RMSD was not possible because the same structure was usually not 
found in a single docking simulation. 
Figure 13 shows graphically the docking energies (in kcal/mol) versus n for the phospho-
lipid. For the docked structures, the docking energies become more negative as n increased. 
Structures that did not dock based upon the RMSD do not follow the general energy trend 
and are indicated by pink squares in Figure 13. AutoDock uses an additive energy potential, 
such that the larger the number of atoms in the ligand, the more negative the docked energy. 
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Figure 13: Docking energies of phospholipids versus fatty acid chain length. Brown dia- 
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(e) Phosphatidylinositol 
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Therefore, the trend observed in Figure 13 (a general decrease of the docking energy with 
increasing n) is expected. Interestingly, the phospholipids with high LSD values generally 
correlate with a break in this trend. There are two possible reasons for this. The first is that a 
lower energy conformation exists, but that the search algorithm was simply not able to find 
it. It maybe assumed that the search algorithm adequately sampled the configurational space. 
However, more likely is that the addition of an additional two carbon atoms to the hydro-
phobic part of the molecule causes steric clashes that do not allow the phospholipid to adopt 
a conformation similar to the shorter one. Therefore, it is likely that the phospholipids that 
did not dock would be poor substrates for the enzyme. 
The simplest phospholipid, PA, yielded the most successful set of docking results. PA is 
the only phospholipid for which it was possible to obtain docked structures for all values of n 
between 2 to 18 (Figure 13a). The success of this docking simulation provides evidence that 
in general the configurational space of the substrates was adequately sampled. The decrease 
in energy per addition of a —CH2CH2— group is relatively constant, except between n = 8 and 
n = 10. In this case the gain in docking energy for PA-8 compared to PA-10 is rather small 
(-1.06 kcaUmol). However, the RMSD values for the two different fatty acids are very 
similar (0.27 and 0.41 A). 
Inspection of the docked structures reveals very different binding modes for PA-8 and 
PA-10 (Figure 14a and Figure 14b, respectively). It appears that with up to eight carbon 
atoms in the chain, the entire phospholipid can fit into the active site cleft, and that the stab-
ilization of the complex is mostly achieved by interactions with the hydrophobic cliff and 
surface (Figure 4). Indeed, these two surfaces present a significant hydrophobic binding 
domain that is most likely the cause of the decrease in binding energy observed in Figure 13a 
for PA. Furthermore, visual inspection of the docked structures for PA-2 to PA-6 reveals 
similar binding modes to those observed for PA-8 (Appendix). In contrast, PA-12, PA-14, 
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PA-16, and PA-18 all adopt conformations similar to PA-10. From these results for PA, there 
appears to be a difference in the binding modes at n = 10. 
-~x 
(a) 
Figure 14: Docking results of (a) PA-8 and (b) PA-10. 
(b) 
The geometry of the phosphate moiety is preserved in all PA docking experiments. How-
ever, PA is not a hydrolysis substrate for the enzyme in that no leaving group (i. e. the head 
group) is present on the molecule. Therefore it is difficult to determine if both types of bind-
ing modes observed could potentially lead to a successful hydrolysis reaction. The compact 
character of the PA-2 to PA-8 docked structures suggest that this mode of binding would 
require a large conformational rearrangement on the part of the ligand. Furthermore, it would 
result in significantly reduced degrees of freedom for it. The entropy of binding in this mode 
may therefore be unfavorable. 
AutoDock does not estimate a free energy of formation of the complex, but rather the 
docking energy is calculated from an empirical relationship between the molecular structure 
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and the free energy of binding (34). Estimation of the entropy of binding (and thus the free 
energy of formation of the complex) is complicated by solvation effects as well as changes in 
degrees of freedom of the complex. It is likely that these effects will also determine whether 
a particular ligand can be a substrate for the enzyme. Therefore, although two binding modes 
were observed for PA, it is likely that due to these reasons, PAs below n = 10 may not be 
good binding partners for PLD. Interestingly, naturally occurring PA has n >_ 16 (7). If the 
extended binding mode observed for PA-10 and greater is the true binding mode, then the 
active site and surrounding region of the protein appears to be designed for n >_ 10. 
A similar trend is observed for the other docked phospholipids. After PA, PC is the phos-
pholipid where the largest number of different chain lengths docked successfully (Figure 
13b). In comparing the docked structures of PC-8 and PC-10 (Figure 15a and Figure 15b, 
respectively), a very similar difference in binding modes is observed. Furthermore, the de-
crease in binding energy between PC-8 and PC-10 is also relatively small (-12.99 kcal/mo1). 
However, it is more significant than the —1.06 kcal/mol difference at these chain lengths 
observed for PA. The average decrease in energy upon addition of two additional carbon 
atoms to the fatty acid chain for PA is —19.80 kcal/mol. This maybe due to the additional 
head group residues that are more readily accommodated within the active site in the exten-
ded binding orientation. These are not present in PA, and therefore the difference in binding 
energy between the extended and compressed binding modes are not energetically different. 
For PC, it was possible to dock substrates with six of the nine different chain lengths 
(Figure 13b), representing the second most successful docking simulation after PA. Interest-
ingly, the success of the docking simulations is not dependent on the size of the head group. 
Indeed, the PC head group is larger than the PE head group by three methyl groups, and yet 
PE-2 through PE-10 docked productively. However, PI, which has the largest head group, 
only docked productively when n = 2. It should be mentioned that PI has not been 
experimentally identified as a substrate for the used in this study. In fact, there exists a PI-
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specific PLD (53) with a different active site motif than that of the Streptomyces sp. PMF 
PLD that most likely can better accommodate a large head group. In this respect, the docking 
simulations appear to suggest that PI is not a substrate for the latter PLD. 
(a) 
Figure 15: Docking results of (a) PC-8 and (b) PC-10. 
(b) 
PEs and PGs with n < 10 and n < 8, respectively, appear to be accommodated by the act-
ive site (Figure 13c and Figure 13d, respectively), but substrates with higher values of n do 
not dock productively. Visualization of the docked structures of PS may suggest a structural 
reason for these results. Unlike PA and PC, PE appears to bind in the same conformation re-
gardless of n. 
PS is the second worse docked ligand of the group. Only PS-4 and PS-10 docked 
successfully, and at this point it is not clear why PS-2, PS-6, and PS-8 were not docked 
successfully. However, it is likely that the interactions between the protein ~~.nd PS are 
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dominated by the head group. Both the carboxyl and amide groups on the P~~ head group are 
potential hydrogen bond acceptors. The hydrogen bond potential of this hea~~ group is relat-
ively high, which makes PS more likely to have strong hydrogen bonding interactions with 
the amino acids located in the active site. Indeed, a closer inspection of the 1'5-10/PLD 
docked complex indeed reveals a hydrogen bond from Asp463 to the car-boxy oxygen as 
well as a hydrogen bond from Ser453 and Asp463 to the amide (Figure 16). Clearly, this 
head group affects fatty acid chain conformation such that productive binding to the 
hydrophobic surfaces is not possible. 
Figure 16: PS-1 o hydrogen bonding to Ser453 and Asp463. Hydrogen bonds are shown as 
dotted green lines. 
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Interestingly, PG behaves in much the same way as PS (Figure 13d and Figure 13f, 
respectively). In comparing the head groups, one sees that PG has two hydroxyl groups that 
can potentially act as both hydrogen bond donors and acceptors (Figure 6). A similar hydro-
genbond analysis of the PG-8/PLD structure (Figure 17) also reveals intermolecular hydro-
genbonds. Therefore, it appears that the presence of hydrogen bond donors and acceptors on 
the head group modifies the binding characteristics of the phospholipids. One possible 
explanation for the inability of longer PS and PG molecules to dock successfully is due to 
competing forces within the active site and the hydrophobic binding domains. The longer 
chains can likely not correctly reach the hydrophobic domains with the head group 
positioned by the intermolecular hydrogen bonds. Interestingly, RMSD values for PG-10 and 
Figure 17: PG-8 hydrogen bonding to Ser453 and Asp463. Hydrogen bonds are shown as 
dotted green lines. 
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PG-12 are lower than those for PG-14, PG-16, and PG-18 (Figure 13d). This indicates that 
these longer molecules still have affinity for the binding site, but do not orient correctly, 
supporting the hypothesis that forces are competing. Indeed, with longer chain lengths the 
hydrophobic lipid/protein interactions begin to dominate over the hydrogen bonding of the 
head group. However, the ultimate test of this hypothesis is not possible using automated 
docking, as simulating a strained conformation is not an objective of the docking algorithm 
(all docked structures represent global or local minima). Molecular dynamics simulations 
might shed more light on the accuracy of this hypothesis but were not undertaken in this 
study. 
PE is a known transphosphatidylation product of the PMF PLD. However, only five of 
the nine possible PEs docked productively (Figure 13c). PC differs from PE only in that the 
amine moiety is fully methylated in the former. The three protons on PE can therefore 
potentially act as hydrogen bond donors. However, a hydrogen bond analysis of the PE-
10iP'LD docked complex does not reveal intermolecular hydrogen bonding to the protein. It 
is likely that hydrophobic interactions between the three methyl groups on the PC head group 
that are not present in PE and the top portion of the active site (Figure 15b) stabilize this 
complex further. Nonetheless, PE is a substrate for the enzyme. In the transphosphatidylation 
reaction mentioned previously, PE is the leaving phospholipid that is not hydrolyzed. 
Therefore, its less than optimal orientation maybe an indicator of a good leaving group for 
transphosphatidylation reactions. 
Figure 13e shows the relative docking energies for PI. As can be seen, only the PI-2 
molecule could be productively docked to the PMF PLD crystal structure. A hydrogen bond 
analysis of the PI-2 docked structure similar to that done in Figure 16 and Figure 17 for PS 
and PG, respectively, does not reveal significant intermolecular hydrogen bonding. There-
fore, unlike PG and PS, it is not competition between hydrogen bonding and hydrophobic 
interactions that is responsible for the poor docking ability of PI. Rather, as previously men-
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boned, PI is simply not well accommodated by the Streptomyces sp. PMF PLD active site. 
Interestingly, mammalian PLDs require the presence of phosphatidylinositol 4,5-bisphos-
phate molecule for activity, suggesting that there is a secondary specific regulatory binding 
site on these mammalian proteins (54). The same dependence on an organic molecule for 
activity has not been shown experimentally true for the PMF PLD. The docking results seem 
to confirm this finding, as PI-2 docks in the active site, while all the larger molecules do not. 
Furthermore, the larger PI ligands do not appear to dock in a secondary binding site, but are 
rather randomly distributed over the entire protein, indicative of nonspecific binding. 
A comprehensive analysis of the relative conformations of the R1 and R2 fatty acid chains 
is summarized in Table 3. The two chains were binned into either binding toward the 
hydrophobic cliff (down) or toward the hydrophobic surface (up). This analysis reveals the 
relative noise within these docking results. Several trends can nonetheless be established 
based on these results. In general, the Rl chain prefers the hydrophobic cliff over the surface 
(21 downs to 6 ups). Furthermore, the hydrophobic cliff and hydrophobic surface can only 
bind one fatty acid chain length simultaneously, except in seven cases (PA-6, PA-8, PC-2, 
PC-4, PC-6, PC-8, and PG-2). These all have low values of n and do not bind productively, 
in the sense that the fatty acid chain is not fully extended over the surfaces outside the active 
site. For n > 10, binding to the two hydrophobic regions is mutually exclusive. Based on the 
structure of naturally occurring phospholipids with R1 being saturated, it would be expected 
that Rl _would preferentially bind to the hydrophobic cliff. Indeed, this binding event requires 
a more significant conformational rearrangement not necessarily possible with unsaturated 
R2. 
Figure 18 shows the distances between the phosphate atom of PC-14 and the nearest 
hydrogen atom of H 165, K167, and K440 and the distance between the phosphate atom of 
PC-14 and the nitrogen of H43 8. According to Iwasaki et al, the C-terminal histidine residue, 
H438 for Streptomyces sp. PMF, is the nucleophile responsible for the phosphatidyl-enzyme 
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intermediate (55). Indeed, Figure 18 shows that H438 is unprotonated for this enzyme, 
thereby confirming that it is the nucleophile. Additionally, protonation of the leaving group is 
facilitated by H165. The lysine residues are also required for catalytic activity; however, the 
role of the two lysines (K167 and K140) is still unknown. 
Table 3: Location of fatty chain R j and R2 in relation to the active site. Down: chain is bound 
to the hydrophobic cliff region; Up: chain is bound to the hydrophobic surface region. 
*The fatty acid chain approaches but does not reach the hydrophobic surface. 
Phospholipid R 1 R2 Phospholipid R1 R2 
PA-2 down up* PC-14 down up 
PA-4 down up * PE-2 up down 
PA-6 up up* PE-4 down up* 
PA-8 down down PE-6 down up* 
PA-10 up down PE-8 down up 
PA-12 down up PE-10 down up 
PA-14 up down PG-2 down down 
PA-16 down up PG-4 down up* 
PA-1$ up down PG-6 down up* 
PC-2 down down PG-8 down up* 
PC-4 down down PI-2 up down 
PC-6 down down PS-4 down up* 
P C- 8 down down P S -10 down up 
PC-10 down up 
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Figure 18: PC-14 shown with the active site residues. Distances (in ~) between the phos-
phate group of the phospholipid and amino acid residue hydrogen atoms (H165, K167, and 
K440) or nitrogen atom (H438) are represented by dashed lines. 
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CHAPTER 5: CONCLUSIONS 
©verall, the docking results seem to agree at least qualitatively with the limited amount 
of experimental kinetic information available for PMF PLD. The successful docking of all 
nine PAs is indicative of the ability of automated docking to predict bound conformations of 
ligands. The ensemble of the docking results presented in the previous chapter represent a 
structural overview of the possible interaction mechanisms of phospholipids with PMF PLD. 
Several generalizations can be made based on these results. The first comes from the initial 
docking experiments conducted with the small molecule mimetics of phospholipids (Figure 
11). Clearly, phospholipid/PLD interactions are not only mediated by the head group, but are 
also contingent upon interactions outside the active site. The question therefore remains as to 
the origin of head group specificity of the different phospholipases. The answer to this ques-
tion is apparent when the structures of shorter phospholipids (n < 8) docked to PLD are com-
pared to the longer docked phospholipids. 
The PLD active site appears to be rather promiscuous. Indeed, most head groups are 
accommodated in the active site rather readily, provided no long fatty acid chains axe present. 
The fact that it is possible to dock all six different head groups provided only two or four 
carbons are attached to their fatty acid chains indicates the Lack of selectivity of the active 
site. The surface map of the active site is also indicative of this nonselectivity, as there are 
positive, negative, and hydrophobic patches inside the cleft capable of accommodating a 
wide variety of potential ligand functional groups. Furthermore, the presence of Ser453 and 
Asp463, both of which are potential hydrogen bond acceptors, furthers the ability of the 
active site to accommodate multiple Iigands with varying functionality. 
Specificity of the PLD is achieved through an intricate balance of molecular forces be- 
tween the active site/head group interactions and hydrophobic interactions outside the active 
site between the protein and the fatty acid chains. The interaction of the hydrophobic fatty 
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acid chains reduces the conformational degrees of freedom for the head group. Therefore 
head groups that can potentially hydrogen bond the protein, like PG and PS, cannot form 
these critical hydrogen bonds in the conformation imposed by the hydrophobic lipid inter-
actions. Furthermore, it is likely that catalysis can only occur when the hydrophobic lipid/ 
protein interactions are present and orient the penultimate P-O bond correctly. The binding 
conformations observed for phospholipids when n < 8 are most likely nonproductive binding 
modes, with the bound ligands acting as inhibitors. 
This delicate balance of forces offers a possible explanation for the inhibitory properties 
of lysophospholipids (5, 6). Given that one of the hydrophobic chains has been cleaved on 
these molecules by phospholipase A, the necessary interactions outside the active site cannot 
occur. The positioning of the P-O bond is not ideal, and the lysophospholipids can therefore 
act as competitive inhibitors of PLD. These docking calculations suggest that shorter-chain 
phospholipids would also act as strong competitive inhibitors. 
The results presented in this thesis remain preliminary. Nonetheless, it has been demon-
strated that it is possible to dock large, flexible molecules to proteins using AutoDock. The 
productive docking results (where the phospholipid binds to the active site) appear reason-
able and seem to agree qualitatively with the limited experimental information available. 
Prior to undertaking further docking simulations, this system needs to be experimentally 
characterized more rigorously. 
Provided more experimental information becomes available, several docking calculations 
may shed more light on the PLD/phospholipid interactions. The first step would be to con-
firm the binding modes of the lysophospholipids as being similar to that observed with lower 
values of n. Secondly, the R2 fatty acid chains of naturally occurring phospholipids are often 
not completely saturated, resulting from the presence of several double bonds. These will 
inherently decrease chain flexibility and modify the ability of the chains to collapse in the 
active site. Based on the docking results presented in the previous chapter, it was determined 
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that for most phospholipids, the transition to productive binding occurs at n = 10. Because all 
the fatty acid chains used were saturated, it is likely that this number may have been overesti-
mated. with the presence of double bonds, the packing of the R2 fatty acid chain against the 
hydrophobic cliff may not be possible. 
Potential areas for further research into phospholipid docking are numerous. Docking of 
unsaturated R2 fatty acids could lead to a better understanding of chain location surrounding 
the active site. This can be accomplished by docking unsaturated PA-14, PA-16, PA-18, and 
PC-14, each with a double bond in the R2 chain, since these species are found in natural 
phospholipids and are of the same sizes as the saturated phospholipids already docked. Also, 
molecular dynamics could be used to further investigate phospholipid docking while 
allowing motion of amino acid residues within the active site. By allowing the enzyme to 
flex, it may be possible to more accurately portray phospholipid-PLD interactions. Last, 
since Ql~ti'MM simulations allow for the formation and cleavage of bonds, this method would 
be valuable in determining the roles of the histidine and lysine residues and how they are 
involved in the enzyme-phosphatidyl intermediate. 
In conclusion, a protocol was established to dock phospholipids to the Streptomyces sp. 
PMF PLD. The fact that it was possible to productively dock PAs of 2 ~ n ~ 18 suggests that, 
provided sufficient computational resources are available, it is possible to simulate large, 
flexible molecules. Perhaps the biggest problem with the method is the large number of pot-
ential false negatives resulting from the docking. Indeed, if a phospholipid did not dock, 
there exists the possibility that this result is simply due to the inability of the search algorithm 
to converge on a docked solution. Only with more experimental information, however, will it 
be possible to determine the number of false positives in these results. 
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APPENDIX 
The figures of the docked structures shown represent the lowest energy structure obtained 
from the docking simulations. Aclose-up of the active site surface map with the bound 
ligand allows investigation into the secondary binding domains. The blue region in the center 
is comprised of the proposed catalytic residues H165, H438, K167, and K440. The white reg-
ions of the surface map are areas of hydrophobicity. The two regions of importance are the 
hydrophobic cliff and the hydrophobic surface as shown in Figure 4. For the following fig-
ures, the hydrophobic cliff is located at the bottom of the picture and the hydrophobic surface 
is located at the top left. 
PA-2 PA-4 
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